AFC-02-303-PNNL

AAA Interim Status Report for the Period
January 1, 2001 - December 31, 2001

TITLE:
Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

M.B. Toloczko
Pacific Northwest National Laboratory



Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

1. Scope

This report presents the tensile data obtained at Pacific Northwest National Laboratory (PNNL)
during the period from January 1, 2000 to December 31, 2001. During this period tensile tests
were performed on 304L stainless steel (SS), 316L SS, Mod 9Cr-1Mo stedl, Alloy 718, and Al
6061. A few tests were performed at room temperature, 50°C, 164°C, 300°C, 400°C, 500°C, and
600°C. The materials were either in an unirradiated (control test) condition or wereirradiated with
amix of mainly protons and some spallation neutrons. Astheincident particles were mainly
protons, “proton irradiation” will be stated when referring to thisirradiation environment. During
proton irradiation, specimen temperatures were somewhere between 35°C to 120°C. The
specimenstested at 300°C, 400°C, 500°C, and 600°C were held at the target test temperature for
one (1) hour prior to performing the tensile test. The dataincluded in this report are the 0.2%
offset-strain yield strength (Y'S), the ultimate tensile strength (UTS), the engineering uniform
elongation (EUE), and the total elongation (TE). Also included are the stress-strain traces from
which the tensile properties were obtained.

These tests were done to satisfy the requirements of Test Specification-Proton and Neutron
Irradiation Effects on Tensile Propertiesfor APT Target/Blanket Assembly Metallic Structural
Materials, APT-MP-98-08, APT-102-1998-58. Rev. 3, July 2000. Thisrequirement calls for
quantifying the effects of the APT proton and neutron irradiation environment on the tensile
properties of candidate structural materials for the APT target/blanket assembly.

2. Applicable Documents

All testing was performed according to the requirements specified in the Test Plan for Determining
Proton and Neutron Irradiation Effects on Tensile Propertiesat PNNL for APT Target/Blanket
Assembly Metallic Structural Materials (APT-MP-98-24, Rev. 0, December 1999) and the TPO
Test Specification (APT-MP-98-08, Rev. 0, May 1998). Tests were conducted according to
PNNL procedure 1122-T1 Rev. 2 and calibrations of test equipment were performed in accordance
with APT-TPO-QMPP, Rev. 0 asreferenced in the Test Plan, APT-MP-98-24, Rev. 0, December
1999.

3. Requirements

3.1 Materials

The materials tested were 304L SS, 316L SS, Mod 9Cr-1Mo, Alloy 718, and Al 6061-T4. The
304L SSand 316L SSwerein an annealed condition prior to irradiation, the Mod 9Cr-1Mo was in
anormalized and tempered condition prior to irradiation, Alloy 718 was in a precipitation hardened
condition, and the Al 6061 wasin aT4 condition. Details on the heat treatments and specifications
for these materials can be found in the Implementation Procedure Describing the Preparation of
Specimens for Irradiation, APT-MP-96-01, Rev. 0, TPO-E72-Z-PRO-X-00012, Rev. 0, July
1996.
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3.2 Test Method

Tenslle testing was performed in an Instron 1122 load frame located in the 323 building hot cell at
PNNL. Specimen gauge dimensions were measured prior to each test. Specimens were interfaced
with the test frame using clamp-grip type grips. When mounting the specimen in the grips, axial
alignment of the grip and specimen assembly was ensured by applying a slight load (5 pounds) to
the grips and then fixing the position of the grips prior to clamping down a specimen. The preload
process also alows a specimen to bottom out on the alignment pins which minimizesthe
possibility that a specimen will dlip in the grips during atest. The preload was removed after
clamping. All tensile tests at temperatures above 200°C were performed in flowing argon. Load
and displacement were measured every 0.1 second. Merlin, which is a software package from
Instron, was used for test control and data acquisition. Back-up copies of data files were stored on
azip disk immediately after each test. Additional back-up copies were later stored on a PNNL
server and on the Principal Investigator’s computer.

Heat-up was performed with a constant one-pound |oad maintained on the specimen which isless
than 15 MPafor the thinnest specimen. For the specimenstensile tested at 300°C, 400°C (only the
unirradiated specimens), 500°C, and 600°C, the length of time that specimens were above 90% of
the test temperature (in Kelvin) prior to the onset of tensile testing was generally about 2 hours.

All other specimens tested at €l evated temperature were above 90% of the test temperature for about
1-1.5 hours prior to the start of atensile test. The extended hold-times were performed because
examination of identically irradiated TEM specimens held at elevated temperature for the same
period of timeis planned. The datado not provide any methods for evaluating the effect of the
additional hold-time.

Specimen temperature, load cell output, and crosshead speed and displacement were calibrated
according to the test plan prior to the start of each test. All tests were performed at a displacement
rate of 0.005 in./min., corresponding to an initial strain rate of 4 x 10 sec’. All testswere
performed using a 1000-pound load cell that was accurate to within 2 pounds. Dimensiona
measurements on the specimens were made using a calibrated digital micrometer located in the hot
cell and were accurate to 0.0002 inches. Specimen temperatures were maintained to within £5°C.
Mechanical properties obtained from the test traces included 0.2% offset yield strength (Y'S),
ultimate tensile strength (UTS), engineering uniform elongation (EUE) and total elongation (TE).
Y Swas determined by finding the intersection between the test trace and a straight line drawn
parallel to the elastic loading portion of the trace but offset by 0.2% strain. UTS was determined at
the point of maximum load. EUE was taken to be the plastic strain at the point of maximum load
(onset of necking). TE was determined asthe plastic strain at failure. For most tests, the strength
and elongation values were determined automatically by Merlin after auser specifiesthe load range
in the elastic region which isfit to astraight line.

The tensile traces obtained for al tests reported here are given in Appendix 1. Each of the
figures shown in the appendix includes 3 traces and a straight line fit to the elastic portion of the
raw trace. Theorigina raw test traceisreferred to as‘data’ inthelegend. The straight linefit to
theinitial elastic deformation isreferred to as ‘regression line’ in the legend. Two compensations
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were made to convert the original test trace to atrace representative of the actual material behavior.
It was assumed that the compliance evident in the test trace represented the combined compliance of
the specimen and the testing machine. The strain associated with this compliance was removed by
subtracting the strain associated with the regression line at the same load (bel ow the load range
over which the line wasfit, the trace was ssimply zeroed out); thisisreferred to in the legend asthe
‘compliance compensated’ curve. The elastic compliance of the specimen was added back to each
trace using the known Y oung’ s modulus of the material; thisis referred to as the ‘ modulus
compensated’ linein the legend.

While automated analysis of the tensile curves was performed by the Merlin software, several of
the traces contained test-system-induced anomalies that would cause Merlin to report erroneous
tensile properties. Generally, these anomalies were thought to be caused by minor dippage of a
specimen in the grips and were manifested as sharp but relatively small load drops during atest. In
these instances, the tensile properties were manually obtained from the tensile traces. The
erroneous tensile properties obtained from Merlin during such tests were within afew percent the
manually obtained tensile properties.

3.3 Test Matrix

The test matrix consists of specimens tested between January 1, 2000 and December 31, 2001 and
isshownin Table 1. Tensiletest temperatures ranged from room temperature up to 600°C while
dosesranged from 0.2 to 9 dpa. Specimensto be tested at either 300°C, 400°C (unirradiated only),
500°C, or 600°C were held at the target tensile test temperature for 1 hour prior to testing. For the
other tests, specimens were tested within 15 minutes of reaching the target test temperature.

4. Results

This section focuses on the quality of the raw test data. Interpretation of the resultsis|eft for the
discussion section. The raw data, presented as engineering stress versus engineering strain tensile
traces, can be found in Appendix 1.

4.1 304L SS

Only one 304L SStensiletest was performed (2-7-6). The test was performed at room
temperature. The raw tensile trace shows that after typical non-linear behavior at low loads, the
trace becomes linear up to the point of microyielding. Thereis no evidence of dippage or other
anomal ous behavior in the test trace.

4.2 316L SS

Tensile tests were performed at either room temperature, 50°C, 164°C, or 300°C. Theonetensile
test which was performed at room temperature (4-7-6) shows no unusual behavior. Tensile traces
from the 50°C tests show non-linear loading behavior in the low load elastic deformation region but
eventually transition to linear loading before yielding. The onetest performed at 164°C (4-7-5) and
the controls tested at 300°C (316-14 and 316-15) also display some non-linear loading in the tensile
trace at low loads, but these traces also eventually transition to linear behavior. Saw-tooth like
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edges are apparent at the high plastic strains in the unirradiated controls which are suggestive of the
specimen dipping in the grips. The irradiated specimens tested at 300°C (24-6-3 and 24-6-4) are
generaly well behaved with one minor exception; Specimen 24-6-4 displays some sharp but small
load drops just prior to the onset of linear |oading which are probably due to dlippage of the
specimen in the grips.

4.3 Mod 9Cr-1Mo

Thetracesfor al the controls (9Cr-9 through 9Cr-13) display anomalous behavior prior to the
onset of plastic deformation. There are unusual fluctuations in the slope of the loading line, and
dippage, manifested as load drops during elastic loading, is evident in al the controls. The traces
for theirradiated Mod 9Cr-1Mo show the same type of behavior.

4.4 Alloy 718

Specimen 1-5-5 iswell behaved, but like the other materials discussed, the 1-5-6 trace shows some
non-linear loading behavior in the elastic deformation regime. In particular, the elastic loading line
never quite becomes linear before reaching yield.

4.5 Al 6061-T4

The 0.2 dpa specimens showed no unusual tensile behavior, however there is evidence of
specimen dlippage in the grips, manifested as |oad drops, during the tensile tests of the 1.3 dpa
specimens.

4.6 Comments on the Non-Standard Tensile Behavior

In most instances, it was possible to account for the non-linear loading and the load drops when
measuring the tensile properties. The exceptions are the 316L SS controls tested at 300°C and 1-5-
6 (Alloy 718). The saw tooth shape of the unirradiated 316L SStest traces during plastic
deformation indicates dlippage. The dippage results in the observed elongation being larger than
the actual elongation. The difference between observed and actual elongation islikely lessthan a
few percent strain which is only asmall fraction of the measured strain. For the Alloy 718 test (1-
5-6), since the trace never became linear prior to yield, it was difficult to measure the yield point.
By applying different line fitsto the loading line, it appears that the error between measured and
actual yield is probably no greater than +3% of the measured yield strength.

5. Discussion

Specimens generally came in thicknesses of either 10 mils (0.25 mm) or 30 mils (0.75 mm). The
appearance of the tensile traces and the mechanical properties obtained from 10 mil and 30 mil thick
specimens were often dightly different (which may have resulted from the fact that the 10 mil and
30 mil thick specimens were, with the exception of the Mod 9Cr-1Mo, obtained from two different
heats of material), such as shown in Fig. 1, and as aresult the new data here are compared only
to other data obtained from specimens of the same thickness. In the comparative plots which are
referenced in this section, new data are indicated by bold-italic specimen IDs in the plot legends.
The mechanical properties obtained from the newly tested specimens are listed in Table 2.
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5.1 304L SS

Only asingle specimen was tested (2-7-6). This specimen was irradiated at 90°C to adose of 7
dpaand wastensile tested at room temperature. Other 0.75 mm 304L SS specimens which could
be used for comparison were irradiated at lower temperature, to lower doses, and were tensile
tested at higher temperatures. Thus, comparing the mechanical properties from 2-7-6 to the
mechanical properties from the other 0.75 mm thick specimens presents a challenge because there
are no common experimental variables. Ascan be seenin Fig. 2, the most obvious difference
between the 2-7-6 trace and the other 304 SStracesisthat 2-7-6 has a much higher yield stress.
Contributing factors to this differing behavior could be that 1) 2-7-6 wasirradiated at 90°C
whereas the other specimenswereirradiated at temperatures between 33°C and 75°C, 2) 2-7-6 was
irradiated to 7 dpa versus 3.9 dpafor the next highest dose specimens, and 3) 2-7-6 wastensile
tested at room temperature and the other specimens were tensile tested at 50°C or higher. Thereis
insufficient information in the 304SS traces to determine which variable is causing the greatly
increased yield stress, but the answer can be found by examining the 316L SStraces. Fig. 3
shows that two 316L SS specimenswere irradiated at 120°C to between 8 and 9 dpa. One
specimen (4-7-6) was tensile tested at room temperature while the other (4-7-5) was tensile tested
at 164°C. Aswith the 304 SStests, the specimen tensile tested at room temperature displays a
much higher yield stress which suggests that tensile testing 304 SS (and 316L SS) at room
temperature can result in ayield strength much greater than what would be observed if the tensile
test was performed at a dightly elevated temperature.

5.2 316L SS

Table 1 shows which specimens were tensile tested between January 1, 2000 and December 31,
2001. Consider first specimens 4-7-6 and 4-7-5 which were irradiated at 120°C to 8.7 dpaand 8.3
dpaand tensile tested at 22°C and 164°C, respectively and are shown in Fig. 3 along with
unirradiated specimens also tensile tested at either 22°C or 164°C. Consider first that thereisa
large change in the tensile properties of the unirradiated material when the tensile test temperature
changes from 22°C to 164°C. Yield strength drops by nearly 30%, and EUE drops by about 50%.
This behavior is suggests that dislocation pinning and multiplication processes are reduced over the
22°C to 164°C temperature range. Relative to this changein behavior of the unirradiated material, it
should not be so surprising that for the irradiated material, Y S drops by 17%, and EUE drops to
lessthan 1%. The drastic drop in EUE can be understood in that when the irradiated material was
tensile tested at 22°C, the rate of work hardening was essentially zero, and thusiif thereis any
reduction in work hardening ability due to atemperature increase, this would cause the uniform
elongation to drop to near zero.

Next, consider the two control specimens (316-14 and 316-15) and two irradiated 316L SS
specimens (24-6-3 and 24-6-4) which were irradiated to 2.5 dpa and then tensile tested at 300°C.
Thetraces for these tests are shown in Fig. 4. The effect of radiation isto significantly increase
the yield and ultimate strength while reducing the uniform elongation. However, the irradiated
material still displays acceptable uniform elongation and good work hardening behavior at this dose
and tensile test temperature.

AFC-02-303-PNNL Page 6



Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Now consider the two 316L SS specimens which were tensile tested at 50°C after approximately
2.5 dpaof irradiation (4-5-5 and 4-5-6). In Fig. 5a, the traces from these two tests are compared
to traces obtained from other 316L SS specimenstensile tested at 50°C. The general behavior of 4-
5-5 and 4-5-6 are similar to two sets of specimens irradiated to 2.8 and 3.0 dpa, respectively.
Irradiation temperatures were within 10°C. Common features are visible yield points and zero
work hardening. However, 4-5-5 and 4-5-6 have approximately 15% higher yield stresses and
reduced total elongation compared to the two sets of specimens which wereirradiated to higher
dose. Theincreased yield strength may be due to the dightly higher irradiation temperature of 4-5-
5 and 4-5-6 which was 54°C compared to 48°C (2.8 dpa) and 44°C (3.0 dpa), but such a small
difference in irradiation temperature seems unlikely to make a difference even at these relatively
low temperatures. It isalso possible that the differing behavior is due to the irradiation spectrum.
Specimens 4-5-5 and 4-5-6 wereirradiated in the direct proton beam achieving their final dose of
2.5 dpain two months, whereas 4-6-3, 4-6-4, 24-5-7, and 24-5-8 were irradiated in the beam
periphery achieving their final dose in six months. This resultsin afactor of 3 differencein dose
rate. And asaresult being placed in the beam periphery, 4-6-3, 4-6-4, 24-5-7, and 24-5-8
received less He and H. With the current data, it isdifficult to determineif the differencein
mechanical propertiesis due more to dose rate effects on mechanical properties or the added gas
accumulation, but it is known that bubble formation resulting from accumulation of He in austenitic
steelswill cause an increasein yield strength. The increase in yield strength depends on the
amount of He that accumul ates.

Asan aside, the traces in Fig. 5a may provide some clues to the conditions required to cause loss
of uniform elongation after irradiation. For these engineering stress versus engineering strain
traces, there appears to be a maximum engineering UTS that can be achieved at a particular test
temperature, and when the yield strength of the material exceeds this maximum engineering UTS,
loss of uniform elongation occurs. Thisidea seemsto work well when considering the irradiated
material engineering stress and strain traces, but the engineering UTS of the unirradiated controlsis
far below the engineering UTS of the irradiated materials. Now, if traces are compared using true
stress and true strain up to necking which has been performed by Byun, et a. for other materials
[1], the story changes somewhat as shown in Fig. 5b. The unirradiated and irradiated true UTS
values al approximately match, and it can be seen that those specimens which necked upon
yielding have ayield stress which approximately matches the observed true UTS. Byun, et d.,
observed asimilar trend.

5.3 _Mod 9Cr-1Mo

Tenslle tests were performed at either 400°C, 500°C, or 600°C. Test traces of the unirradiated
specimens are shown as thin linesin Fig. 6, while the irradiated specimens are shown as thick
lines. Thetensle behavior of theirradiated material is similar to the unirradiated with the exception
that the irradiated material has greater strength. Fig. 7 showsthe tensile behavior of the
unirradiated material for tensile test temperatures ranging from 20°C to 600°C. Examination of the
unirradiated material tensile property trends as a function of temperaturein Fig. 8 show that Y'S,
UTS, and EUE al decrease with increasing tensile test temperature which is typical for smilar
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materials [2]. TE decreases until about 400°C and then steadily rises up to 600°C. Fig. 9 shows
the tensile behavior of Mod 9Cr-1Mo irradiated to between 1 dpa and 3 dpawhen tensile tested at
temperatures ranging from 20°C to 600°C. Shown in Fig. 10 are the corresponding tensile
properties. Low temperature irradiation to doses between 1-3 dpaincreasesthe YSand UTS
relative to the unirradiated material at all the tensile test temperatures. However, the effect of
irradiation had avaried effect on EUE and TE. At tensile test temperatures below 400°C, it appears
that the EUE is decreased by low temperature irradiation whereas at tensile test temperatures
between 400°C and 600°C, the EUE of the irradiated materia is either greater than or equal to the
unirradiated values. TE showsasimilar trend. TheincreaseintheYSand UTSiseaslly explained
by the creation of extended defects during irradiation, however there are severa possible reasons
for the higher EUE and TE in theirradiated material. One possible reason isthat the increased
extended defect density increases the did ocation multiplication rate which then allows the material
to strain harden more effectively. Another possible reason is that heating to temperatures between
400°C and 600°C causes changes in the microstructure that result in improved work hardening
behavior and increased uniform elongation. Asthe pre-irradiation microstructure isrelatively
insensitive to temperatures less than 600°C for such short periods of time, it seems|likely that the
irradiation induced microstructure would be evolving when aged for short times at these
temperatures. Fig. 11 shows the tensile behavior of Mod 9Cr-1Mo after 9 dpawhen tensile
tested at either 164°C or 500°C. The tensile properties from these tests are shown in Fig. 12.
Compared to the 1-3 dpatensile properties, at 9 dpa, the Y S and UTS are increased while the EUE
and TE are decreased.

5.4 Alloy 718

Two tensile tests were performed at 50°C on specimens irradiated at 53°C to about 2.7 dpa. The
traces from these tests are compared to traces for the other Alloy 718 specimenstested at 50°C in
Fig. 13. The new tests represent the highest dose tested at thistensile test temperature. The data
suggest that the effect of irradiation on the tensile properties of Alloy 718 is nearly constant for
doses between 0.4 dpaand 2.7 dpa. Theonly clear trend in the datais a decrease in total
elongation with increasing dose. In al instances, the effect of irradiation relative to the unirradiated
controlsisto increase the yield strength, eliminate nearly all strain hardening capacity, and
significantly reduce both the uniform and total elongation. These observations are reflected in

Fig. 14 which shows the mechanical properties of Alloy 718 at 50°C plotted as a function of
dose.

5.5 Al 6061-T4

Two specimens with a doses of about 0.2 dpa and two specimens with doses of about 1.3 dpa
weretensile tested at 50°C. The traces from these tests are plotted in Fig. 15 with the other 6061-
T4 specimenstensile tested at 50°C. The new data extends the minimum and maximum doses for
tests performed at 50°C. With the exception of the 0.65 dpa specimens (29-6-4 and 29-6-5) and
the 0.75 dpa specimens (29-6-17 and 29-6-18), the 50°C traces show that the effect of increasing
doseisto increase the yield strength and UTS while decreasing the uniform and total elongations.
While the uniform and total elongations decrease with dose, the new data show that after 1.3 dpa at
approximately 40°C, the reductions are not drastic with 6061-T4 maintaining good elongation
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characteristics. These observations are reflected in Fig. 16 which shows the mechanical
properties of Al 6061-T4 at 50°C plotted as afunction of dose.

6. Conclusions

Tensile tests were successfully performed on avariety of unirradiated and irradiated materials. The
mechanical properties obtained from these tests have provided further insight into the behavior of
APT candidate materials. The observations can summarized asfollows:

304L SS A singletensile test was performed at room temperature. After 7 dpaof proton
irradiation at 90°C, this material has alarge amount of uniform elongation but the
engineering UTS is approximately equal to the Y S when tensile tested at room
temperature.

316L SS. Severa specimens of varying dose were tensile tested at a variety of
temperatures. A room temperature tensile test was performed on a specimen proton
irradiated to about 8.7 dpaat 120°C. This specimen had deformation characteristics very
similar to the 7 dpa 304L SS specimen tensile tested at room temperature. A tensiletest
was performed at 164°C on aspecimen irradiated to 8.3 dpaat 120°C. This specimen had
an approximately 20% lower yield strength and showed no evidence of uniform
elongation. Both unirradiated and irradiated specimens were tensile tested at 300°C.
After about 2.5 dpa of proton irradiation at about 50°C, 316L SS maintains work
hardening capability when tensile tested at 300°C. Relative to the unirradiated material,
the yield strength isincreased while the uniform elongation is decreased. Two irradiated
316L SS specimens were tensile tested at 50°C. The traces were compared to other traces
from tensile tests performed at 50°C on other irradiated 316L SS specimens. The
mechanical properties from the new tests are in general agreement with other specimens
of similar dose. The resulting trends in the traces suggest that at any particular test
temperature both unirradiated and irradiated specimens have the same approximate true
UTS, and when the yield strength reaches or exceeds thistrue UTS, nearly complete loss
of uniform elongation occurs.

Mod 9Cr-1Mo: Tenslle tests were performed at 400°C, 500°C, and 600°C on unirradiated
and irradiated Mod 9Cr-1Mo. The effect of test temperature on the unirradiated material
Isto decrease yield strength, ultimate strength, and uniform elongation. The effect of test
temperature on the materiasirradiated at approximately 50°C isto decrease yield and
ultimate stress but increase uniform and total elongation for test temperatures between
250°C and 500°C. The uniform and total elongation of Mod 9Cr-1Mo tensile tested at
400°C, 500°C, and 600°C after about 2 dpa of proton irradiation are actually greater than
or equal to the unirradiated values. At about 9 dpa, the uniform and total elongation at
400°C are about the same as the unirradiated material, but at 500°C, the uniform
elongation is still higher in the irradiated material. The data suggest that holding these
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specimens at 400-600°C causes thermal aging of the irradiated microstructure which leads
to the improved tensile properties of the irradiated material.

- Alloy 718: Two tensile tests were performed at 50°C on specimensirradiated to about
2.7 dpa. Thetensile properties from these tests combined with previous tensile tests
show that the tensile properties of Alloy 718 at 50°C are relatively insensitive to dose for
doses between 0.4 dpaand 2.7 dpa.

- Al 6061-T4: Two sets of two tensile tests were performed each at 50°C on specimens
irradiated to 0.2 dpaand 1.3 dpa. These tests extend the upper and lower dose
boundaries of the measured tensile properties of thismaterial. This data combined with
previous data show that the effect of irradiation to doses between 0.2 dpaand 1.3 dpais
to steadily increase the yield and ultimate strength while steadily decreasing the total
elongation. The uniform elongation initially decreases but then shows no change
between 0.6 and 1.3 dpa. While the uniform and total elongation of irradiated Al 6061-
T4 are decreased relative to the unirradiated condition, after 1.3 dpa Al 6061-T4
maintains good tensile properties.

7. Recommendations for Future Work
Microstructural observations on the 316L SStensile tested at 300°C and the Mod 9Cr-1Mo tensile
tested at 400°C and 500°C are recommended and arein progress. Tensile tests performed at 300°C

on 316L SS after about 4 dpa would be useful in exploring the loss of work hardening capability
that these materials exhibit.
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Table 1 -- Tensile specimens tested between January 1, 2000 and December 31, 2001.

Alloy ID thickness (mils) | dose (dpa) T,.(CC) [T(C)
304L SS 2-7-6 30 7 90 22
316L SS 4-7-5 30 8.3 120 164
4-7-6 30 8.7 120 22
4-5-5 10 2.6 54 50
4-5-6 10 2.4 54 50
316-14t1 | 30 300
316-15t | 30 300
24-6-3 | 30 2.5 52 300
24-6-4 | 30 2.6 52 300
Mod 9Cr-1Mo | 9Cr-91 | 10 400
9Cr-10t | 10 400
9Cr-11t | 10 500
9Cr-12t | 10 500
9Cr-13t | 10 600
23-5-5 | 10 2.2 34 500
23-5-6 | 10 2.0 34 500
4-3-5 10 8.7 65 500
4-3-6 10 9.1 65 500
23-5-9 | 10 2.0 35 600
Alloy 718 1-5-5 10 2.8 53 50
1-5-6 10 2.7 53 50
Al 6061 1-5-7 10 1.3 43 50
1-5-8 10 1.3 43 50
1-511 | 10 0.2 32 50
1-5-12 | 10 0.2 32 50

T Unirradiated control specimens

AFC-02-303-PNNL Page 12



Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Table 2 -- Engineering tensile properties for specimens tested between January 1, 2000 and
December 31, 2001.

Alloy ID Yield Stress | UTS Uniform Totd
(MPQ) (MPQ) Elongation | Elongation
(%) (%)
304L SS 2-7-6 929 981 18.5 21.2
316L SS 4-7-5 733 767 0.6 16.6
4-7-6 879 930 16.6 23.4
4-5-5 823 831 0.4 17.4
4-5-6 822 853 0.6 13.9
316-141 | 204 456 34.9 50.9
316-151 | 220 458 29.9 44.6
24-6-3 | 552 595 12.8 25.8
24-6-4 | 571 591 12.1 25.5
Mod 9Cr-1Mo | 9Cr-9t | 613 692 2.6 9.9
9Cr-10t | 603 671 2.5 8.8
9Cr-11t | 555 598 1.9 10.3
9Cr-121 | 540 568 1.3 9.9
9Cr-131 | 426 438 0.7 14.8
23-5-5 | 660 720 4.1 13.1
23-56 | 639 708 3.3 11.6
4-3-5 752 800 2.0 7.8
4-3-6 750 825 3.2 9.1
23-59 | 530 547 1.2 13.4
Alloy 718 1-5-5 1190 1289 1.8 8.6
1-5-6 1278 1302 0.9 7.6
Al 6061 1-5-7 203 267 9.7 12.0
1-5-8 191 255 10.0 12.9
1-5-11 | 157 224 14.0 19.6
1-5-12 | 173 251 14.9 18.6

T Unirradiated control specimens
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Proton Irradiated 316L SS

900
—_—24-5-1
800 N 2.8dpa —24-52
—4-5-5
700 - ™ = | 4-5-6
4-6-3
= 2.5dpa 3.0dpa
o 600 4-6-4
s 2.8 dpa
g}/ 1.2.dpa ——2457
= 500 \ —2458
o f 24-6-9
£ 400
g = 24-6-10
g, 300 24-6-7
& V/Z4 ——24-68
1 dpa
200 P
0.25 mmthick | 0.75 mm thick
100 4 T.w=37-70°C < >
Teq =50°C
0 T T T T
0 10 20 30 40 50

Engineering Strain (%)

Figure 1 -- 316L SStensile traces showing the difference in trace behavior between 10 mil and 30
mil thick irradiated specimens.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Proton Irradiated 304L SS Tensile Test Temp (°C)

1000
RT —2-7-6
\ 7dpa, T, =90°C
900 P & 22611
50 JL
—22-6-12
800
god]| 72269
7 700 —22-6-10
[
s —_—06
Té 600 —— { 22-6-7
5 —22-6-8
500 -
£ 3.9dpa
8 400
c
D
C
w300
200
100 =T, = 42-75°C except as noted
All specimens 30 mils thick
0 T T T T T
0 10 20 30 40 50 60

Engineering Strain (%)
Figure 2 -- Engineering stress versus engineering strain tensile traces of proton irradiated 304L SS
after irradiation to various doses and testing at temperatures ranging from room temperature to
164°C.
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Interim Status Report for Tensile Tests Conducted Between

January 1, 2000 and December 31, 2001
Proton Irradiated 316L SS

1000
—
87dpa , Tea = 22°C 6
900 \ 475
800 —— 316-3
8.3dpa , Tieq = 164°C 316-4
s 700 1 unirr |, Teeg = 22°C
= /ﬂ TR wowmey| —— 316-11
g / || —31612
3
o 900 7 e
£ ‘ /——\
8 400 -
k<)) .
2 / \ unirr |, Tieq = 164°C
w300 \
200
100 1 T 1o0°c
0 All specimens 30 mils thick
0 10 20 30 40 50 60 70 80

Engineering Strain (%)
Figure 3 -- Engineering stress versus engineering strain tensile traces of unirradiated and proton
irradiated 316L SStensiletested at either room temperature or 164°C.
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Engineering Stress (MPa)

Interim Status Report for Tensile Tests Conducted Between

316L SStensiletested at 300°C

January 1, 2000 and December 31, 2001

800
316-14
700 316-15
—24-6-3
600 - —24-6-4
’ (p) irradiated \
500 )—— ~2.5dpa \
400 —
\ unirradiated
300 +— — 1 1
200
100 1| T,=52°C
T = 300°C
All specimens 30 mils thick
0 ‘ ‘ ‘ ‘
0 10 20 30 40 50

Engineering Strain (%)

Figure 4 -- Engineering stress versus engineering strain tensile traces of 316L SS tensile tested at

300°C.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001
Proton Irradiated 316L SS

1000
—_—24-5-1
900 —_—24-5-2
——4-55
800 - 4-5-6
= 700 4-6-3
[N 4-6-4
=
g 600 \ 24-5-7
51 \ 2.8 dpa —24-5-8
500
=) \ 4-6-7
£ irradiated engineering UTS
5 200 unirradi engineering — 468
c
D
c
w300
200
T,,= 37-70°C
100 1 Tp = 50°C
All specimens 10 mils thick
0 ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35

Engineering Strain (%)

Figure 5a -- Engineering stress versus engineering strain traces of proton irradiated 316L SS
tensle tested at 50°C. Green dotted line indicates the engineering UTS of the unirradiated material
at 50°C.

Proton Irradiated 316L SS

1
000 —255-1

900 depe ¢ oL ——2552

2 / ——4-55
800 7 4-5-6
unirradiated true UTS

700 4-6-3
= 4-6-4
<
% 600 —24-5-7
g —25-5-8

500
% 4-6-7
E 400 —4-6-8
|_

300

200

Tin=37-70°C
100 Tee =50°C
0 All specimens 10 mils thick
0 5 10 15 20 25 30 35

True Strain (%)

Figure 5b -- True stress versus true strain traces to the point of necking for proton irradiated 316L
SStensiletested at 50°C. Green dotted line indicates the true UTS of the unirradiated material at
50°C.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001
Proton Irradiated Mod 9Cr-IMo  [Tensile Test Temp (°C)]

1200
9Cr-9
. 400 {

0.2% offset strain 9Cr-10

1000 4-3-9
4-3-10
£ 80 ——09Cr-11
= ——9Cr-12
? —23-55

]

o 607 —— 2356

F —435

£

ugj 400 —436
2.0dpa 600 ——9Cr-13
unirradiated \ 600 2359

200
Irrad temp = 34-65°C
All specimens 10 mils thick
0 + T T T T T T
0 2 4 6 8 10 12 14

Engineering Strain (%)

Figure 6 -- Engineering stress versus engineering strain traces of Mod 9Cr-1Mo tensile tested at
400°C, 500°C, and 600°C.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Unirradiated Mod 9Cr-1Mo [Tensile Test Temp (°C)|

—9Cr-1
—9Cr-2
—9Cr-3
—9Cr-4
9Cr-5
—9Cr-6
9Cr-9
—9Cr-10
—9Cr-11

' ——9Cr-12
300 ! AN \

\ 600 9Cr-13

Engineering Stress (M Pa)

200 -

100 |
| |All specimens 10 mils thick

(O T T T T T
0 2 4 6 8 10 12 14 16

Engineering Strain (%)

Figure 7 -- Engineering stress versus engineering strain traces of unirradiated Mod 9Cr-1Mo
tensile tested at temperatures ranging from 20°C to 600°C.

Mod 9Cr-1Mo
L L L B ) L A T 16
1000 - TE unirradiated ]
800 [ el 112
— " ------------------- I'I'I
g XS T e R e o
S e0f e g
£ T : 18 &
(@) -}
& Lo s
@ 400 [*. EUE | S
T L S— 14
200r T ... 1
_____ .
_____ .
O P I W A A T O RO N S SO R IR S I | O
0 100 200 300 400 500 600

Tensile Test Temperature (°C)

Figure 8 -- Tensile properties of unirradiated Mod 9Cr-1Mo as afunction of tensile test
temperature.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Proton Irradiated Mod 9Cr-1Mo [Tensile Test Temp (°C)|
1200
27 dpa 50 —23-5-8
A/ 164 ||——2357
1000 o
2.9dpa 433
2.8dpa P 250 {
T 4-3-4
©
g 800 /Q— N - { ——439
‘ A —_43
3}% . 4-3-10
600 | y
2 | ~2.9dpa \ 500 JL 2358
7 23-5-6
c ~2.1dpa
E 400 - 600 — 23-5-9
2.0dpa
200
| [T,=34-46°C
All specimens 10 mils thick
0~ ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14

Engineering Strain (%)

Figure 9 -- Engineering stress versus engineering strain traces of Mod 9Cr-1Mo irradiated to doses
between 2 and 3 dpa and tensile tested at temperatures between 50°C and 600°C.

Mod 9Cr-1Mo
L L L B R 16
i solid lines = 1-3 dpa 1
1000 dashed lines = unirradiated
800 [ el P
—- ST LT, m
2 600 <
N r =
5 ) S
2 ol 2
m 400 j“ S
200
o
0 100 200 300 400 500 600

Tensile Test Temperature (°C)
Figure 10 -- Tensile properties of Mod 9Cr-1Mo plotted as afunction of tensile test temperature for

unirradiated material and material irradiated to doses from 1-3 dpa. Irradiation temperature varied
from 34-46°C.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Proton Irradiated Mod 9Cr-1IMo  [Tensile Test Temp. (°C)]

1200

—4-37
164 {
438

N 9dpa %0 436

600 —

1000 | { ‘ — 135

Engineering Stress (MPa)

400 +

200

T,=65-67°C
All specimens 10 mils thick

0 4 8 12 16
Engineering Strain (%)

Figure 11 -- Engineering stress versus engineering strain traces of Mod 9Cr-1Mo irradiated to a
dose of about 9 dpaand tensile tested at either 164°C or 500°C.

Mod 9Cr-1Mo
L A B B B T 16
1000+ |
< I m
= f S
< 600r Q
% L 48 &
S [ S
& 400r S
I 14
200 1
ol T T g
0 100 200 300 400 500 600

Tensile Test Temperature (°C)
Figure 12 -- Tensile properties of Mod 9Cr-1Mo plotted as afunction of tensile test temperature for

material irradiated to 1-3 dpa or about 9 dpa. Irradiation temperature of 9 dpa material was
between 65 and 67°C.
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Interim Status Report for Tensile Tests Conducted Between

Proton Irradiated Alloy 718

January 1, 2000 and December 31, 2001

1600
—718-10
2.2 dpa )
1400 \ Unirr —_—718-16-2
—21-6-41
1200 A —21-6-42
= 21-6-51
o 2.7 dpa 1dpa 0.4 dpa __
1000 | i —21-6-52
@ / —1-7-15
(g 800 | /, —1-7-16
% / 1-5-5
| 4
€ 600+ 156
5 i
c |
wl |
400 1
200 +—T;=37-57°C
| T =50°C
All specimens 10 mils thick
0 T T T T T T T T
0 1 2 3 4 5 6 7 8

Engineering Strain (%)

Figure 13 -- Engineering stress versus engineering strain traces of Alloy 718 tensile tested at 50°C.

1500 [

Strength (MPa)

1000 |

500

Proton Irradiated Alloy 718

L L L L L B B B B BN B
- 24
YS - 120
T =37-57°C 116 ™
Irr i o
T, =50C 1 a
. . . 1 2
All specimens 10 mils thick 112 &
1 >
R
18
14
EUE |
e \Hmu‘mH\H‘mumuﬁu‘mumui0
04 0.8 12 1.6 2 24 2.8
Dose (dpa)

Figure 14 -- Tensile properties of irradiated Alloy 718 plotted as afunction of dose for material

tensletested at 50°C.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Proton Irradiated Al 6061-T4
300

—6061-4
—6061-5
—6061-17
1-5-11
—1-5-12
10-5-3
10-5-4
29-6-4
—29-6-5
10-5-7
—10-5-8
29-6-17
29-6-18
—1-57
—1-58

Engineering Stress (M Pa)
@
o

=
o
o

50

T,=36-44°C
Teq = 50°C
All specimens 10 mils thick

0 5 10 15 20
Engineering Strain (%)

Figure 15 -- Engineering stress versus engineering strain traces of Al 6061-T4 tensile tested at
50°C.

Proton Irradiated Al 6061-T4
300 [ L ] 24
250 120
= 200 YS 416 m
o i o
s i TE @
£ 1501 112 B
()] L =]
. - — | 3
@ 100 F EUE  Jg =
i Tm= 36-44°C ]
. All specimens 10 mils thick ]
0 T T I S I S A S S A MO S AN WS 0
0 0.2 04 0.6 0.8 1 12 14
Dose (dpa)

Figure 16 -- Tensile properties of irradiated Al 6061-T4 plotted as afunction of dose for material
tensile tested at 50°C.
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

Appendix 1: Raw tensile traces (engineering stress versus engineering strain)

2-7-6
304L SS
t =30 mils, dose=7dpa, Tirr =90°C, Ttest =22°C
1000
"“"*'«w-m-.—a;__...,_‘4_,_._;[_{:";“‘__7':;V, - W,,L‘.._ st g ‘ et ‘ _ ——data
// S ' “\ regression line
900 compliance compensated
/ modulus compensated
800

700

600 /
500

ol |
300

ol

Stress (MPa)

0 5 10 15 20 25 30
Strain (%)
Figure A1-1 -- Tensile traces for specimen 2-7-6 (304L SS).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

4-7-5
316L SS
t =30 mils, dose=8.3dpa, Tirr =120°C, Ttest = 164°C

—data
R % —— regression line

— compliance compensated
\ \\\ modulus compensated
600 \\

RN

800

700

g
>
%’ 400 /
’ /

300

200

100 7

0
0 2 4 6 8 10 12 14 16 18 20

Strain (%)

Figure A1-2 -- Tensile traces for specimen 4-7-5 (316L SS).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

4-7-6
316L SS
t =30 mils, dose= 8.7 dpa, Tirr = 120°C, Ttest = 22°C
1000

—data
N ,[:?““'""“”' s R Gt regr online

*-;w.,,\ —— compliance compensated
modulus compensated

900

800

700

600

500 /

400

300

200 /

100 /
]

0 5 10 15 20 25 30
Strain (%)

Stress (MPa)

Figure A1-3 -- Tensile traces for specimen 4-7-6 (316L SS).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

4-5-5
316L SS
t =10 mils, dose=2.6 dpa, Tirr =54°C, Ttest = 50°C

/J\\ -
——regression line
/‘NM‘..‘.‘N...:;;:; BN 27 ARt a4 0 N %

800 / A S e e e compliance compensated

, —
\“‘W\ L“-\\ modulus compensated

700 \

900

600

a
(@)
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300 /
200 /
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0 2 4 6 8 10 12 14 16 18
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Figure A1-4 -- Tensile traces for specimen 4-5-5 (316L SS).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

4-5-6
316L SS
t =10 mils, dose = 2.4 dpa, Tirr =54°C, Ttest =50°C
900

—data
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/ \\ \\ modulus compensated
700

600

a
(@)
o
\\

Stress (MPa)

8

300 /

200

100

NP

0 2 4 6 8 10 12 14 16 18
Strain (%)

Figure A1-5 -- Tensile traces for specimen 4-5-6 (316L SS).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

316-14 (control)
316L SS
t =30 mils, dose= NA, Tirr = NA, Ttest = 300°C
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Figure A1-6 -- Tensile traces for specimen 316-14 (316L SS).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

316-15 (control)

316L SS
t =30 mils, dose= NA, Tirr = NA, Ttest = 300°C
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) /‘//
0
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Figure A1-7 -- Tensile traces for specimen 316-15 (316L SS).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

24-6-3
316L SS
t =30 mils, dose=2.5dpa, Tirr =35-70°C, Ttest = 300°C
600 o ST TR T e,
e l——-"LT s AML"" ——data
. ——regression line
— compliance compensated
500 -\ N modulus compensated
5 400
=3
77
300
200
100
0 -
0 5 10 15 20 25 30
Strain (%)

Figure A1-8 -- Tensile traces for specimen 24-6-3 (316L SS).
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Interim Status Report for Tensile Tests Conducted Between

January 1, 2000 and December 31, 2001

24-6-4
316L SS
t =30 mils, dose = 2.6 dpa, Tirr = 35-70°C, Ttest = 300°C
600 S
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Figure A1-9 -- Tensile traces for specimen 24-6-4 (316L SS).
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9Cr-9 (control)

Interim Status Report for Tensile Tests Conducted Between

January 1, 2000 and December 31, 2001

Mod 9Cr-1Mo
t =10 mils, dose = NA, Tirr = NA, Ttest = 400°C
700 DN { WW
500
E? 400 \
=3
3 300
200
100
0
0 4 6 10 12
Strain (%)

Figure A1-10 -- Tensile traces for specimen 9Cr-9 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between

January 1, 2000 and December 31, 2001
9Cr-10 (contral)

Mod 9Cr-1Mo
t =10 mils, dose= NA, Tirr = NA, Ttest =400°C
700
- / ——data
o M regression line
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E? 400
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200
100
0
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Figure A1-11 -- Tenslletraces for specimen 9Cr-10 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

9Cr-11 (control)
Mod 9Cr-1Mo
t =10 mils, dose= NA, Tirr = NA, Ttest =500°C
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Figure A1-12 -- Tensile traces for specimen 9Cr-11 (Mod 9Cr-1Mo).

AFC-02-303-PNNL Page 36



Interim Status Report for Tensile Tests Conducted Between

January 1, 2000 and December 31, 2001
9Cr-12 (control)
Mod 9Cr-1Mo
t =10 mils, dose= NA, Tirr = NA, Ttest =500°C
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Figure A1-13 -- Tensle traces for specimen 9Cr-12 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

23-5-5
Mod 9Cr-1Mo
t =10 mils, dose= 2.2 dpa, Tirr = 35-70°C, Ttest = 500°C
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Figure A1-14 -- Tensile traces for specimen 23-5-5 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

23-5-6
Mod 9Cr-1Mo
t =10 mils, dose = 2.0dpa, Tirr = 35-70°C, Ttest = 500°C
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Figure A1-15 -- Tenslle traces for specimen 23-5-6 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001
4-3-5
Mod 9Cr-1Mo
t =10 mils, dose=8.7 dpa, Tirr = 35-70°C, Ttest = 500°C
900

—data
/ ——regression line
800 - ._NN%\ / P —— compliance compensated
\7(%‘ \ modulus compensated
700 / \\ N

a

(@)

o
\

Stress (%)
5
o

ol )
o
/

100 /

N

10 12

14
Strain (%)

Figure A1-16 -- Tensile traces for specimen 4-3-5 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

4-3-6
Mod 9Cr-1Mo
t =10 mils, dose=9.1dpa, Tirr =35-70°C, Ttest = 500°C
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Figure A1-17 -- Tensile traces for specimen 4-3-6 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

9Cr-13 (control)

Mod 9Cr-1Mo
500 t =10 mils, dose = NA, Tirr = NA, Ttest = 600°C
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Figure A1-18 -- Tensile traces for specimen 9Cr-13 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

23-5-9
Mod 9Cr-1Mo
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Figure A1-19 -- Tensile traces for specimen 23-5-9 (Mod 9Cr-1Mo).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001
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Figure A1-20 -- Tensile traces for specimen 1-5-5 (Alloy 718).
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Interim Status Report for Tensile Tests Conducted Between
January 1, 2000 and December 31, 2001

1-5-6
Alloy 718
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Figure A1-21 -- Tensile traces for specimen 1-5-6 (Alloy 718).
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300

1-5-7
Al 6061-T4
t =10 mils, dose= 1.3 dpa, Tirr =43°C, Ttest = 50°C

Interim Status Report for Tensile Tests Conducted Between

January 1, 2000 and December 31, 2001
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Figure A1-22 -- Tensile traces for specimen 1-5-7 (Al 6061-T4).
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1-5-8
Al 6061-T4

t =10 mils, dose= 1.3 dpa, Tirr =43°C, Ttest =50°C
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Figure A1-23 -- Tensile traces for specimen 1-5-8 (Al 6061-T4).
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Figure A1-24 -- Tensile traces for specimen 1-5-11 (Al 6061-T4).
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Figure A1-25 -- Tensile traces for specimen 1-5-12 (Al 6061-T4).
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